A number of studies have shown that migrating birds can navigate to their destinations even when displaced to unfamiliar territory. It has been demonstrated that adult Eurasian Reed Warblers (Acrocephalus scirpaceus) captured in spring in the Eastern Baltic, displaced 1000 km eastward to the Moscow region and tested in orientation cages, show a clear orientation tendency towards their breeding grounds. This response requires the ability to determine a new geographic position relative to the goal. The natural cues that are used as coordinates for this behaviour remain controversial. Among other natural cues, both magnetic and olfactory sources of information have received the most experimental attention. More recently, virtual displacement experiments have shown that the geomagnetic information alone is sufficient for Reed Warblers to find their geographic position. However, the role of olfaction was not explicitly examined. In the present study, we displaced anosmic Reed Warblers together with untreated controls between the same capture and displacement sites where the Emlen funnel tests were previously performed. Following release, we radio-tracked birds for the first few kilometres using an array of automated radio-tracking towers. The results strongly suggest a navigational response of both anosmic and intact birds (anticlockwise re-orientation), unlike some other experiments showing impaired navigational abilities of anosmic migrating birds. This data supports the hypothesis that, at least in this songbird species, the olfactory system is not crucial for determining geographic position, and that the zinc sulfate anosmia treatment is unlikely to have any non-specific effects on navigational abilities.
Introduction
The ability of migratory birds to perform their spectacular long-distance journeys and yet precisely locate their breeding or winter grounds has fascinated both scientists and general audiences alike. Displacement experiments have provided strong evidence that birds translocated from their migratory route perform true navigation (Mouritsen 2018) . This means that they are capable of identifying and reaching their goal, without direct sensory contact with it, from a place they have never previously visited (e.g., Perdeck 1958; Thorup et al. 2007; Chernetsov et al. 2008; Willemoes et al. 2015 ; but see Kishkinev et al. 2016) . For true navigation, the ability of an animal to determine its current geographic position relative to the goal (a map sense) is crucial. However, the sensory systems and natural cues underlying the map sense for positioning remain poorly understood (Holland 2014; Kishkinev 2015) . In this study, we focused on the role of the sense of smell (olfactory system) for longdistance navigation in a migratory songbird species-the Eurasian Reed Warbler (Acrocephalus scirpaceus; hereafter Reed Warblers).
In previous studies (Chernetsov et al. 2008; Kishkinev et al. 2013) , it has been established that untreated Reed Warblers on spring migration show a compensatory reorientation in Emlen funnels (Emlen and Emlen 1966) when displaced 1000 km due east from the south-eastern Baltic (Courish Spit, Kaliningrad region, Russia), to Zvenigorod (Moscow region, Russia). The latter is most probably unfamiliar territory for Reed Warblers migrating through Rybachy according to the ringing recaptures (see Supplementary Material) . At the capture site, the birds showed a north-eastern direction, which is in good agreement with the breeding destinations of Reed Warblers further north and northeast in Baltic countries, south Finland and the northwestern part of Russia (Supplementary Material) . At the displacement site, which is outside their migratory route and to the southeast of their breeding sites, the same birds demonstrated a significant orientation towards the northwest. This result suggested that Reed Warblers were able to determine that they were at a new location and to compensate for the translocation. Which natural cues the Reed Warblers use to be able to determine their displacement to Zvenigorod has been the focus of the subsequent studies (Kishkinev et al. 2010 (Kishkinev et al. , 2013 Pakhomov et al. 2018) .
A number of cues have been proposed to play a role in the navigational map of birds, but two in particular have retained prominence. The magnetic navigation hypothesis proposes that animals use the Earth's magnetic field parameters because of their relatively predictable spatial distribution (Phillips 1996; Mouritsen 2018) . In many regions of the world, total intensity and inclination (the angle between the magnetic field lines and the horizon) of the geomagnetic field varies approximately along a north-south axis, whereas declination (the angle between directions towards the magnetic and geographic poles) changes primarily along an east-west axis (Boström et al. 2012 ; https ://ngdc.noaa.gov/ geoma g/WMM/image .shtml ). The trigeminal nerve has been shown to be involved in the avian magnetoreception (Heyers et al. 2010; Lefeldt et al. 2014; Elbers et al. 2017 ), but it is not required for magnetic compass orientation (Zapka et al. 2009 ). A further displacement experiment from the Courish Spit to Moscow demonstrated that an intact trigeminal nerve is necessary for the compensatory response shown by Reed Warblers (Kishkinev et al. 2013) . Following on from this, exposure to a changed magnetic field alone at the capture site simulating the displacement site in Zvenigorod elicited a compensatory goal-ward anti-clockwise re-orientation similar to the one documented after a real geographic displacement , and these compensatory responses also required intact trigeminal nerves (Pakhomov et al. 2018) . Another experiment at this capture site in which only declination was changed to match a location in Scotland showed that this magnetic parameter appears to be used to calculate longitudinal position, at least in Western Europe (Chernetsov et al. 2017) . This suggests that the Earth's magnetic field alone can be sufficient for locating geographic position in Reed Warblers. It is argued, however, that the navigation systems of birds can be redundant and employ various cues (Walcott 1996) .
3
An alternative but not mutually exclusive explanation of the Reed Warblers' navigation is the olfactory map hypothesis, which proposes that birds make use of olfactory cues to locate their position. Support for this hypothesis comes, in part, from a large number of displacement experiments and other studies on homing pigeons that show reduced homing performance when the pigeons are made anosmic, or reorientation when odours are manipulated (reviewed extensively in Wallraff 2005; Gagliardo 2013 ). There is also strong evidence from shearwaters and other tubenoses (Procellariiformes) which also showed impaired homing performance when made anosmic (e.g., Gagliardo et al. 2013; Pollonara et al. 2015) . Two experiments on very different species with both olfactory and magnetic senses being manipulated have indicated that an intact olfactory system, but not magnetic cues, is necessary for true navigation during migration. Both Gray Catbirds (Dumetella carolinensis; Holland et al. 2009 ), and in some cases Lesser Black-backed Gulls (Larus fuscus fuscus; Wikelski et al. 2015) , seemed to be unable to correct for a displacement when made anosmic, but to be unimpaired when a magnetic treatment was applied.
Given the mismatch between the results of experiments on Reed Warblers and other migratory species tested, and the fact we did not precisely control odours and the sense of smell during our virtual magnetic displacements Pakhomov et al. 2018) , in this study we aimed to explicitly examine the role of the olfactory sense in the compensatory behaviour of Reed Warblers after displacement, by studying their orientation during free flight after take-off, rather than in Emlen funnels, as free-ranging birds have been used in other studies (Holland et al. 2009; Wikelski et al. 2015) . If the magnetic map hypothesis reported above is correct, we expected that the ability to determine their position should remain intact in both control and anosmic birds so that they would be able to compensate for the translocation and show their initial flight directions shifted anti-clockwise, compared to their normal migratory direction (see Fig. 1a for scenarios 2−4). This would be in general agreement with the result from birds tested in Emlen funnels (Chernetsov et al. 2008; Kishkinev et al. 2013 Kishkinev et al. , 2015 Pakhomov et al. 2018 ) and/or with the real movements of displaced Common Cuckoos (Cuculus canorus) according to Willemoes et al.'s (2015) satellite tracking study. If the olfactory system plays a necessary role in true navigation, we predicted that birds without a functional sense of smell would not be able to determine their new location and either show disorientation (departure in random directions) or fall back to the normal migratory direction, as has been seen in other studies (Holland et al. 2009; Wikelski et al. 2015) , whereas the control group would adjust to the displacement by shifting their orientation anti-clockwise, as mentioned above.
Methods

Experimental birds and normal migratory direction
To be consistent with previous displacement experiments in this region (e.g., Chernetsov et al. 2008) , we used Eurasian Reed Warblers. This is a common long-distance avian migrant breeding in Europe and overwintering in sub-Saharan Africa (Procházka et al. 2018; Supplementary Material) . They migrate alone and at night. The orientation of this species has been tested in Emlen funnels in spring at both capture and displacement sites (Chernetsov et al. 2008; Kishkinev et al. 2013) .
For this study, we captured 26 Eurasian Reed Warblers during their spring migration with mist-nets (21−27 May 2016) at Rybachy, on the south-eastern Baltic coast (55°09ʹN, 20°52ʹE). In spring, all birds have gained migratory experience (have performed at least one autumn and a part of spring migration with age from 11 months and older) and possess navigational skills because the latter require migratory experience (Perdeck 1958; Mouritsen 2003; Thorup et al. 2007; Holland 2014) . We aimed to preferentially select transit, rather than local, individuals heading further north and northeast towards their breeding sites (Supplementary Material). At the capture site, we selected relatively fat individuals (mean subcutaneous fat score, according to Kaiser 1993 , was 2.8, SD ± 1.6) because a previous study based on the Rybachy ringing data reported that 66% of local Reed Warblers arrive with the fat score of 0 as opposed to only 36% in transient birds (Chernetsov 1999) . The migratory state of the captured birds was confirmed by the timing of their departures after the displacement (see "Results"). On average, the birds gained subcutaneous fat from the capture date until release (see "Translocation, displacement site and release"). The birds were kept in individual cages (60 × 20 × 20 cm) placed inside an outdoor aviary so that they had a clear view of celestial orientation cues. The cages had good air circulation so that local olfactory information was available before displacement. The captive birds were always exposed to natural light and photoperiod, and provided with food (mealworms) and water with added vitamins ad libitum.
The birds' orientation was not tested in Emlen funnels at the capture site to allow enough time for habituation to captivity, transportation, post-transportation rest and time for radio-tracking at the displacement site before the end of the spring migratory state (mid-June for this species). Based on the numerous orientation tests of these migrants at the same capture site in 2004−2017 (Chernetsov et al. 2008; Kishkinev et al. 2013 Kishkinev et al. , 2015 Pakhomov et al. 2018) , there is good reason to assume that the control orientation of transit birds in spring is towards the northeast (Fig. 1b ). These Emlen funnel data at the capture site are in good agreement with the ringing recaptures (Supplementary Material).
Experimental groups and treatments
Before displacement, the captured birds were randomly assigned to two equal size groups (n = 13 in each). Given the typically high concentration of free-flying birds' mean group directions in our previous studies (Holland 2010; Kishkinev et al. 2016) , such a sample size should ensure adequate power to determine re-orientation (from the normal north-eastern direction to north-western or due western ones). For anosmia, we used the same zinc sulfate protocol that was previously used in gray catbirds (Holland et al. 2009 ), Cory's shearwaters ) and in numerous homing pigeon studies (Wallraff 2005; Gagliardo 2013 for review). The nasal cavities of all the birds were irrigated with two freshly prepared water-based solutions: 4% aqueous zinc sulfate solution (ZnSO 4 ·7H 2 O) for the anosmic group and saline solution (0.9% NaCl) for the control group. We used fresh and filtered water for the solution preparation. For the nasal cavity treatments, we briefly restrained a bird with the beak fixed in a half-opened position and the head looking down to allow a washing solution to flow out from nostrils and prevent it being swallowed. We filled a syringe with the washing solutions, gently inserted the blunt and bent tip of a needle into the birds' choanae (left and right side), slowly filled up the nasal cavity and stopped when the solution dripped from the nostrils. We let the solution completely drain after the treatments. All the treatments were performed on the same day (1 June 2016), a day before the translocation and 5−10 days before the departure times at the displacement site. See "Discussion" for the estimated longevity of the zinc sulfate-induced anosmia based on the previous studies.
Translocation, displacement site and release
All the experimental birds were displaced on 2 June 2016, 1004 km due east to Zvenigorod Biological Station (ZBS) of Moscow State University, 40 km west of Moscow ( Fig. 1a;  55°42ʹN , 36°45ʹE). The birds were transported inside two plastic cages made of white translucent Plexiglas so that they were mainly exposed to the natural photoperiod (except for one of two boxes that was placed inside a cargo room for the 1.5-h flight). The transportation boxes had individual compartments, with food and water in each during transportation. The translocation was done by air (a direct flight from Kaliningrad to Moscow Airport Sheremetyevo, 1.5 h), then by car directly to ZBS (approx. 2 h). The whole translocation procedure took approximately 6.5 h. All the birds survived the displacement and were immediately placed into individual cages 40 × 20 × 30 cm at a laboratory of ZBS, provided with water and food and given 3 nights of rest. The release was carried out on 5 June 2016, between 1700 and 1950 hours local time (before the sunset at 2106 hours). The weather on the release day was calm, without rain or strong winds. The weather between the day of release and the end of radio tracking was changeable, with periods of clear sky and part cloudiness, winds of moderate speeds (see more details in "Results") and intermittent short showers.
The release site was in the Moskva river valley, on a small meadow 80 m from the river. This was a flat landscape, covered with a mixture of shrubs and small coniferous trees in which most released birds were sitting until departure, as per the ground radio-tracking results. The river valley was surrounded by a large open field on the northern side and a dense coniferous and deciduous forest on the southern side. There were no large reed beds (typical Reed Warbler's Chernetsov et al. 2008) . d, f Displacement site with automated radio towers and vanishing directions of free flying birds from anosmic d and control f groups. RS is a release site tower with four antennas oriented in cardinal directions. P1−P3 are three periphery towers with two antennas each. Length of grey antenna segment represent an approximate estimate of their detection range (~ 1 km). Black solid arrows show vanishing direction of birds that departed by identified migratory night-time flights. Long arrows (2−3 km) represent directions of flights detected first at the RS tower and then by periphery towers. Short arrow (1 km) indicate departures recorded only by the RS tower. e, g Circular diagrams showing the departure directions shown on d, f for anosmic (e α = 237°, r = 0.75, n = 10, 95% confidence interval, CI, 205°−268°; P = 0.002) and control birds (g α = 269°, r = 0.89, n = 7, 95% CI 243°−294°; P < 0.001). For all the circular diagrams, each dot at the circle periphery indicates either the mean orientation (b, c) or the vanishing direction (e, g) of one individual bird; arrows show mean group vectors; dashed circles indicate the radius of the group mean vector needed for 5 and 1% levels of significance according to the Rayleigh test of uniformity; solid lines flanking mean group vectors give 95% confidence intervals for the group mean directions. Maps were drawn using R (R Core Team 2017) ◂ habitat) near the release site. In similar suboptimal habitat for the species, migrating Reed Warblers tend to stay very locally and depart as soon as possible (Ktitorov et al. 2010 ). The fat score check immediately before release showed that all birds had gained subcutaneous fat deposits since the day of capture (n = 26, mean score 3.5, SD ± 0.6).
Radio tracking and departure directions
We radio-tracked initial migratory directions of the displaced birds. Initial flight directions are often in good agreement with season-specific migratory directions and show higher concentrations compared to Emlen funnel tests (e.g., Holland 2010; Chernetsov et al. 2011; Holland and Helm 2013; Kishkinev et al. 2016) . Each bird was fitted with a 0.6-g Nano Tag NTQB-2 digitally-coded radio transmitters (LOTEK; Newmarket, ON, Canada), with a total weight with harness of < 5% of a bird, using a leg-loop harness (Rappole and Tipton 1991) immediately before release. All the radio transmitters operated at a frequency of 150.300 MHz, and each tag emitted pulses every 4.8 or 5.2 s. The ID of each tag was coded by a unique combination of spacing (time lags) between individual pulses, and each ID was decoded automatically by radio receiver firmware while storing data. The warranted lifespan of the radio transmitters was 14 days.
Bird movements were tracked for 6 days (5−11 June 2016) using four automatic radio towers: one located at the release site (RS tower, 55°42ʹ09.28″N, 36°43ʹ39.23″E) and three additional perimeter towers in Anikovo (55°42ʹ09.19″N, 36°41ʹ38.09″E), Karinskoe (55°42ʹ49.31″N, 36°40ʹ59.67″E), and Rybushkino (55°42ʹ37.88″N, 36°44ʹ01.09″E), situated correspondingly at distances of 2.1, 3 and 1 km to the west, northwest and northeast, respectively, of the RS tower ( Fig. 1) . For the RS and Anikovo towers, we used SRX800 automatic receivers (LOTEK) that can scan antennas consecutively, one at a time, via a switch box. Our SRX receivers used 8-s scan time per antenna (32 s total scanning time for the RS tower and 16 s for the Anikovo tower). For the Karinskoe and Rybushkino towers, we used Sensorgnome receivers (http://senso rgnom e.org; the project underlying the Motus Wildlife Tracking System, https ://motus .org, Taylor et al. 2017) that scan all antennas simultaneously. For all the towers, we used the same 3-element Yagi antennas made for 150 MHz. At the RS tower, we used four antennas attached to two wooden poles affixed to the top of a metal meteorological tower at a height of 12 m above the ground. The RS antennas were pointing in the following orthogonal directions spanning 90°: 32°, 122°, 212° and 302°. These antennas allowed us to register vanishing directions during departures from the release site. At the perimeter towers, we attached the antennas to the top of vertical wooden poles so that they were 6−7 m above the ground. Each perimeter tower had two antennas roughly oriented in the direction of adjacent neighbouring towers (Fig. 1d, f) . This perimeter tower layout formed almost a full circle around the release site, covering the expected vanishing directions except for the least expected directions in the south to southeast sector ( Fig. 1a, d, f) . Thus, no matter which migratory direction a released bird would take, its vanishing direction would be registered by either the RS tower or both at the RS and one or more perimeter towers for up to 3−5 km (Fig. 1d, f) . Based on our past field measurements and radio-tracking studies with free-flying birds (e.g., Chernetsov et al. 2011) , we conservatively assess the detection range of each antenna as approximately 1 km (Fig. 1d, f) . It is worth noting that the detection range of Yagi antennas depends on such factors as weather and air humidity, the height of an antenna above the ground, the position of a bird relative to an antenna, local radio interference and properties of electrical components receiving the radio signals. Data for each tower were downloaded at least every second day and on the last day of radio-tracking.
We detected departure events by the initial characteristic spike of the radio signal (a bird starts taking off and elevating above surrounding vegetation) followed by a gradual decrease and disappearance from the RS tower. In some cases, we were able to detect signals both at the release and perimeter tower(s). For departures registered only by the RS tower, we estimated vanishing directions by either approximating it to a bearing of the antenna with the longest signal detected (if signals at the other three antennas stopped simultaneously) or weighting bearings of two antennas with the longest signal detected (the method used in Holland 2010). For departures detected by the RS tower and perimeter tower(s), we estimated the vanishing direction by drawing a vector connecting the release site and the position of perimeter tower or a point at the perimeter tower antennas detection line that fits best to the signal pattern.
For more information about the technical specifications and operation of receivers, as well as the techniques of calculating vanishing directions, see Supplementary Material.
Data analysis and statistics
We processed and visualised radio signal data using customwritten R scripts (R Core Team 2017). For circular data, we used the standard Rayleigh test of uniformity (Batschelet 1981) to assess if a mean group direction significantly differed from a uniform distribution (the null hypothesis). To compare the migratory direction between the control and anosmic groups, circular statistics were performed using Oriana (v.4.02; http://kovco mp.co.uk, Kovach Computer Services, Pentraeth, UK). Differences in mean direction between groups were analysed using the parametric Watson−Williams F test because the assumptions underlying this test (von Mises distribution, the vector lengths r ≥ 0.75, Batschelet 1981) were fulfilled. To test if the mean group directions tended to cluster around the 3 expected goalwardoriented directions (scenario 2-towards the centre of the breeding range with the City of Tallinn, 59°26ʹN, 24°45ʹE, as a proxy destination; scenario 3-towards the capture site at Rybachy, 55°09ʹN, 20°52ʹE; scenario 4-towards the middle point between Rybachy and Gibraltar, which is a proxy of the middle point for the spring migratory corridor inside Europe before the capture site, 46°18ʹN, 5°21ʹE), we used 95% confidence intervals of mean group directions and initial great circle bearings connecting the release site and the above goals (α = 305°, 273° and 257° for the scenarios 2−4, correspondingly; calculated at https ://www.movab le-type. co.uk/scrip ts/latlo ng.html). Differences in mean direction between experimental groups were analysed using comparison of 95% confidence intervals for mean group directions and the parametric Watson−Williams F test in the cases where the assumptions underlying this test were fulfilled. This is automatically tested by the newest version of the circular statistics program, Oriana, v.4.02. For testing the effect of winds on departure directions, we extracted surface wind data for the displacement site for the night hours (2200 and 0100 hours local time, closest to migratory departures) during the radio-tracking period using https ://earth .nulls chool .net (weather data from GFS, the Global Forecast System).
Results
From 26 birds translocated and released near Zvenigorod (13 anosmic and 13 control), 25 individuals left the detection area of the array within the tracking period of 6 days (05−11 June 2016), mainly during the first post-release night (n = 18, 69% of all the translocated birds). Only one control group bird was still present near the release site on the last day of radio-tracking. Of the 25 individuals that left the release site during the radio-tracking, the departure events of 18 birds (10 anosmic and 8 control) were detected by the radio receivers. These events were typical migratory nighttime take-offs near the release site and migratory flights away from the release site. The times of departures tended to cluster in the first half of the night closer to the middle of the night (mean time after sunset 200 min, SD ± 53 min, for anosmic and 149 min, SD ± 59 min, for control). For 4 anosmic and 5 control birds departing by nocturnal migratory flights, we recorded departure signals at both the release site and perimeter towers (Fig. 1d, f long arrows) . For 6 anosmic and 2 control birds, we registered departure only at the release site tower (Fig. 1d, f short arrows) . For 1 control bird, we detected departure only at a perimeter tower (not taken into directional analysis due to unknown starting site).
In total, we obtained the directions of migratory flights for 10 anosmic and 7 control birds.
The mean direction for the anosmic birds was towards the west−southwest [ Fig. 1d, e ; α = 237°, r = 0.75, n = 10, 95% confidence interval (hereafter 95% CI) 205°−268°; Rayleigh test of uniformity Z = 5.61, P = 0.002] The mean direction for the control birds was due west (Fig. 1f, g ; α = 269°, r = 0.89, n = 7, 95% CI 243°−294°; Rayleigh test of uniformity Z = 5.60, P < 0.001). The 95% CIs of the anosmic and control groups overlapped by 25° (28% of the merged 95% CIs of the both groups), and formally there was no significant difference between the mean group directions (Watson−Williams F test, F = 2.76, P = 0.12, df1 = 1, df2 = 15). The 95% CI of the control group includes both the great circle direction (initial bearing) and rhumb-line (loxodrome) towards the capture site (273° and 266°, correspondingly), but the 95% CI of the anosmic group does not include the great circle initial bearing and does includes loxondrome at the edge of the 95% confidence interval, being slightly more shifted towards the south (CI tests, p < 0.05). At the same time, the 95% CIs of the both groups include both 257°, i.e. the great circle direction, and the rhumbline direction (244°), towards the middle point of the spring migratory corridor inside Europe before the capture site (see Supplementary Material for the spring migratory route of Reed Warblers). Interestingly, the mean directions of both groups differ from the orientation of the captive intact birds tested in Emlen funnels at the same displacement site in 2004−2007 ( Fig. 1c ; α = 334°, r = 0.41, n = 52, 95% CI 308°−360°; Rayleigh test of uniformity Z = 8.56, P < 0.001): the 95% CIs do not overlap and the Emlen funnel orientation is significantly different from the anosmic and control freeflying groups (Watson−Williams F test, anosmic free-flying birds vs. Emlen funnel tested birds: F = 17.43, P < 0.001, df1 = 1, df2 = 60; control free-flying birds vs. Emlen funnel tested birds: F = 7.28, P = 0.009, df1 = 1, df2 = 57). The prevailing winds during the hours of departure flights were from the north-west but with no significant directional tendency (α = 304°, r = 0.37, n = 12; Rayleigh test of uniformity Z = 1.65, P = 0.19) and were of moderate speeds (mean 2.7 m/s, SD ± 1.09; light breeze on the Beaufort scale).
Discussion
Our present study shows that all the displaced birds departed from the displacement site by a typical (for this species) nocturnal migratory flight. This is in line with the studies of migrating Reed Warblers in spring (Holland 2010) , including the data obtained at the same capture site (Bolshakov et al. 2003) , and is also in good agreement with a large body of literature on the migratory behaviour of long-distance songbird migrants (e.g., European Robins, Erithacus rubecula: Bolshakov et al. 2007; Northern Wheatears, Oenanthe oenanthe: Müller et al. 2018) . This result strongly suggests that the displaced birds were still in a migratory state in spite of being relatively late in the season. The sizes of the groups (10 anosmic and 7 controls) are comparable to past radio-tracking studies on bird orientation and navigation (e.g., Thorup et al. 2007; Holland 2010; Kishkinev et al. 2016) . Typically, mean group directions of free-flying birds have relatively high concentrations (r = 0.75 and 0.89 in the present study), which is usually much higher compared to Emlen funnel experiments (e.g., compare Fig. 1b, c and  Fig 1e, g) . This feature of radio-tracking datasets enables experimenters to apply circular tests with high statistical power.
The mean group directions of the anosmic and control groups were generally westward and were not significantly different. These directions are in agreement with the compensation towards the capture site and/or towards the intermediate point of the spring migratory route in Europe before the capture site (scenarios 3 and 4 in Fig. 1a ). Such scenarios are biologically plausible and supported by the satellite-tracking data from free-flying Common Cuckoos after displacement (Willemoes et al. 2015) . At the same time, the initial flight directions of our displaced birds were different from the expected north-eastern direction of nondisplaced birds, as shown by control Reed Warblers tested previously in Emlen funnels at the capture site (Fig. 1b, c ; Chernetsov et al. 2008) , and by the ringing data of Reed Warblers (Supplementary Material). This result implies anti-clockwise re-orientation of all the translocated birds, irrespective of the treatment, and the ability to compensate for the displacement by determining their new position in unfamiliar territory, i.e., true navigation performance. As our previous studies have shown, translocated birds with a blocked access to magnetic map information, and thus a disabled navigational sense, tended to be oriented northeasterly, i.e., do not re-orient (Kishkinev et al. 2013; Pakhomov et al. 2018) .
These directions (west for control and west−southwest for anosmic birds), however, were different from the northwestern mean group direction of the displaced birds tested in Emlen funnels near Zvenigorod in 2004 (Chernetsov et al. 2008 . The reason for this discrepancy is unclear, and below we propose some interpretations (the list is not exhaustive). The winds may sometimes drift flying birds, but the winds during the departures were moderate (< 3 m/s) and did not have a strong directional tendency. Therefore, they are unlikely to have a large impact on the vanishing directions. Guiding effects of topographical features might also be hypothesised. Some radar and tracking studies have reported cases where routes of migrating birds were in part shaped by large-scale topographical features, especially by vast ecological barriers (e.g., chains of mountains, shorelines and large rivers: Meyer et al. 2000; Wikelski et al. 2015) . The most obvious landmark at the release site was the Moskva river, but it had a width of just 20−30 m and obviously did not represent an ecological barrier for the birds. However, we cannot fully rule out the effect of topography or landmarks around the release site on departure directions, which obviously could not affect the birds moving in Emlen funnels because in these they were not able to see the surrounding landscape. Nevertheless, this guiding effect of the river, if present, was unlikely to override the intended flight directions because the river was oriented southwest to northeast and no eastward departure directions were documented.
The present results, despite following the same protocol, differ from the study on adult anosmic Gray Catbirds on autumn migration in the USA, where the zinc sulfate-treated birds (with similar sample sizes to our study) reverted to the population-specific migratory direction at the capture site as opposed to the intact birds which showed a compensatory tendency following displacement to the east (Holland et al. 2009 ). Our result is also different from numerous data obtained from homing pigeons, in which the 4% zinc sulfate treatment has often, but not always (e.g., releases at familiar sites: Bingman et al. 1998), led to impaired navigation performance manifested in the high scatter of vanishing directions (first 1−3 km) following displacement, as well as lower homing speeds and return rates of anosmic pigeons compared to controls (Wallraff 2005 for review) . Similar effects of anosmia have been reported for Common Swifts (Apus apus) and European Starlings (Sturnus vulgaris) with sectioned olfactory nerves (Fiaschi et al. 1974; Wallraff et al. 1995) , and zinc sulfate-treated pelagic birds such as some shearwater species (e.g., Gagliardo et al. 2013; Pollonara et al. 2015) . A recent displacement study on Lesser Blackbacked Gulls suggested that sectioned olfactory nerves led to impaired navigation performance but only at one of two release sites .
In previous experiments, sectioning of the V1-nerve of Reed Warblers has led to a reversion to the populationspecific north-eastern migratory direction after physical displacement to the same site (Kishkinev et al. 2013) , and after a virtual magnetic displacement simulating the magnetic conditions at Zvenigorod when birds were tested at the capture site (Pakhomov et al. 2018) . The sham surgeries simulating V1 sectioning (control for surgical stress) did not prevent the birds from the compensatory re-orientation (Kishkinev et al. 2013; Pakhomov et al. 2018) , which supports the hypothesis that the V1-nerve indeed carries magnetic information from sensory cells (though their location remains unknown: Treiber et al. 2012; Mouritsen 2012) . However, an interesting outcome of the present study is that this result does not support the hypothesis that the putative magnetosensory cells associated with the ophthalmic branch of the trigeminal nerve are localised in the olfactory mucosa and could be deactivated or destroyed by the zinc sulfate treatment, which causes necrosis of the tissue in this region (Schlund 1992; Mora et al. 2004 ). If the trigeminal nervedependent magnetic information was blocked by the treatment, we could expect a northeasterly orientation of departing birds similar to the birds with a sectioned V1-nerve tested in Emlen funnels at the same site (Kishkinev et al. 2013) .
Could the lack of effect be due to absent or insufficient deactivation of the olfactory receptors in Reed Warblers? Surprisingly, the histological impact of the 4% zinc sulfate treatment and its regeneration period have not been investigated in detail in any bird species, despite the fact that the protocol has been actively used in multiple studies since the 1970s (Wallraff 2005; Gagliardo 2013 for reviews). However, the effects of similar treatments have been extensively studied in other animal taxa, particularly in model mammalian species (especially, in Brown Rat, Rattus norvegicus, and House Mouse, Mus musculus). For example, in Brown Rats, the anatomical study by Smith (1938) reported that irrigation of the nasal cavity with just a few drops of 1% zinc sulfate solution (4% solution in our experiments) rapidly, during the first 2 days, led to a structural loss of the olfactory epithelium. In 7−10 days, he observed complete removal of the olfactory epithelium (sensory, basal and supporting cells), and the full regeneration of the olfactory sensory cells was observed only after 2 months. Matulionis (1975) performed a histological and ultrastructural study on two strains of mice and reported distinctive surface alteration and a massive (~ 50%) decrease of the thickness of olfactory epithelium in the first 4−8 days after the zinc sulfate treatment. Gradual regeneration and reorganisation of the olfactory epithelium was observed over 42 days after the treatment, with full recovery after 72 days (Matulionis 1975 ). It has also been shown that, in Channel Catfish (Ictalurus punctatus; Cancalon 1982) and Northern Leopard Frog (Rana pipiens; Adamek et al. 1984) , zinc sulfate irrigation of the olfactory epithelium with concentrations greater than 3% produced rapid general degeneration of the olfactory epithelium, starting from just a few hours post-treatment. Altogether, the above data strongly suggest that the birds in our experiment had enough time before departure to develop anosmia and loss of sense of smell. The period of functional regeneration has varied across different studies and animal taxa (8−40 days in House Mice, Matulionis 1975; 2−4 weeks in Northern Leopard Frog, Adamek et al. 1984; 3−8 weeks in Channel Catfish, Cancalon 1982) . Smith (1938) mentioned that in humans the functional recovery of the sense of smell after 1% zinc sulfate treatment had been reported after 1−2 months. There is very limited physiological literature on the period of functional loss and regeneration in birds. In 4% zinc sulfate-treated Homing Pigeons, the most active period of functional recovery, measured as heart responses in ECG recordings, occurred between the 8th and 20th days post-treatment (Schlund 1992) . However, it is worth stressing that we have treated our experimental birds in the same way that led to disrupted navigation performance in Gray Catbirds (Holland et al. 2009 ), shearwaters ) and in numerous Homing Pigeon studies (Wallraff 2005; Gagliardo 2013 ). The effect of anosmic treatment in the study by Holland et al. (2009) was observed for up to 24 days after the treatment (21 days until the final bearing in average), and the anosmic Cory's Shearwaters could not return to their breeding colony after displacement for up to 3 months ). Our birds departed 5−10 days after the zinc sulfate treatment. Therefore, considering the results of the above-mentioned studies with anosmic birds, the Reed Warblers should have been still under the anosmic effect of the treatment at that time. Nevertheless, the authors could not completely rule out the possibility that, even though the same protocol of 4% zinc sulfate treatment was used that led to impaired navigational performance in other avian species, the birds' sense of smell in our experiment might still be functional at least in some individuals. Given the knowledge gap, we believe the field of bird navigation urgently needs to explicitly address the question of which anatomical and functional consequences the zinc sulfate treatment entails. This question, however, requires a set of anatomical, ultracellular and behavioural studies which were beyond the scope of this work.
In conclusion, our result has shown that the treatment used to make the Reed Warblers anosmic does not support the need for odours and a functional olfactory system for detecting geographic position in our model songbird species, the Eurasian Reed Warbler. Cautiously, we do not generalise this conclusion to all avian taxa or even to all passerine species. This result further corroborates the hypothesis of high variation in navigational mechanisms used by different avian species, and hints at high flexibility of bird navigation processes. This study calls for more consistent investigations of the sensory mechanisms underlying bird navigation when different sensory systems (e.g., magnetic and olfactory senses) are selectively deactivated in the same model bird species using the same displacement designs. Such studies will help us compare different species and reveal patterns in the use of magnetic cues and odours for navigation depending on taxonomy, evolution or ecology of certain taxa. We also recommend detailed histological, ultracellular and functional investigations into the effects of zinc sulfate irrigation on the olfactory system of birds because they have been overlooked compared with other vertebrates. facilities of Zvenigorod Biological Station of Moscow State University. We particularly appreciate the support of the landowners in the Moscow region who allowed us to temporary deploy our radio-tracking equipment on their estates. We are very grateful to Dr Anna Gagliardo (University of Pisa, Italy) for the details of the zinc sulfate treatment. We are grateful to Dr D. Dreyer for helping with the German summary.
